Abstract A novel fluorescent dye bis-(pyridin-2-yl-methyl)- (1,3,4-triphenyl-1H-pyrazolo[3,4-b]quinolin-6-ylmethyl)-amine (P1) has been synthesized and investigated by means of steady state and time-resolved fluorescence techniques. This compound acts as sensor for fluorescence detection of small inorganic cations (lithium, sodium, barium, magnesium, calcium, and zinc) in highly polar solvents such as acetonitrile. The mechanism which allows application of this compound as sensor is an electron transfer from the electrondonative part of molecule (amine) to the acceptor part (pyrazoloquinoline derivative), which is retarded upon complexation of the electro-donative part by inorganic cations. The binding constants are strongly dependent on the charge density of the analyzed cations. The 2/1 complexes of P1 with Zn ++ and Mg ++ cations posses large binding constants. Moreover, in the presence of these cations a significant bathochromic shift of fluorescence is observed. The most probable explanation of such behaviour is the formation of intramolecular excimer. This is partially supported by the quantum chemical calculations.
Introduction
Molecular systems based on 1,3,4-triphenyl1H-pyrazolo [3,4-b] quinoline fluorophore were found to be good sensors [1] for small inorganic cations also in less polar solvents as tetrahydrofuran. Such compounds are attractive for fluorescence detection of nonfluorescent analytes such as metal ions (sodium, lithium, calcium, barium, etc.) in biological systems [2, 3] , These cations are involved in many biological processes of fundamental importance for life and monitoring of these ions occurring in small amounts in blood and urine is of major importance in medicine. Typical concentrations of these cations in blood and urine (data in parantheses) are 143 (125) mM, 5 (65) mM, 1 (4) mM, and 1.5 (4) mM for Na + , K + , Mg ++ and Ca ++ , respectively [2] . Concentration of the lithium cation in plasma is estimated as 0.09-0.15 μmol/l [4] . On the other hand, barium salts are known as toxic agents (classic symptoms of barium toxicity are repeated profound hypokalemia, cardiac arrhythmias, respiratory failure, prolonged gastrointestinal dysfunction, paralysis, myoclonus, hypertension, and profound lactic acidosis) [5] , the maximal concentrations of this cation in serum is in range 3-20 μg/dl [6] .
In the last years much attention has been paid to developing fluorescence sensors.
The working principle of the previously investigated systems is as follows. The molecules which contain electron donor and acceptor moieties (so called EDA systems) are linked by the methine subunit. The donor part of the molecule is the called recognition moiety. In the ground state these two parts are almost non-interactive. Upon excitation to the first singlet state an effective transfer of one electron from the donative part of the molecule to the azaromatic skeleton occurs. In consequence the fluorescence of the dye is strongly quenched. However, the recognition moiety (electron donor part of the molecule) can act in the ground state as a Lewis base. Thus, upon addition of the Lewis acid to the EDA system a complex is formed and the electro-donative property of this part of molecule is strongly diminished. Therefore, quenching of the fluorescence is weaker in the presence of cations and the system emits the fluorescence light. In consequence, the fluorescence intensity depends on the cation concentration, making these compounds usable for qualitative determination of the analyzed cations.
It should be noted that the working principle for some other molecular systems might be different than that presented above. There is for instance a group of sensors containing polycyclic aromatic hydrocarbon fluorophores (like naphthalene or pyrene) which are linked by crown ether or open-chain structure (podand). In such compounds addition of the cations, that are then bounded to the azacrown moiety, changes the ratio of the excimermonomer fluorescence quantum yields [7] [8] [9] .
It has been established that in many cases the indicators undergo 1/1 and 2/1 (ligand/metal ion) complexation [10] [11] [12] . Thus, the following equilibria should be taken into account to describe the overall complexation process.
In our paper we would like to discuss the fluorometric data on a novel compound being derivative of 1,3,4-triphenyl-1H-pyrazolo [3,4-b] quinoline.
Experimental
The Synthesis of P1 Molecule
The synthesis of chelate is depicted in the Scheme 1. 6-methyl-1,3,4-triphenyl-1H-pyrazolo[3,4-b]quinoline 1 was prepared by reaction of equimolar amounts p-toluidine, benzaldehyde and 2,5-diphenyl-2,4-dihydropyrazol-3-one according to literature procedures [13] . The bromination of this compound with NBS yielded 6-bromomethyl-1,3,4-triphenyl-1H-pyrazolo[3,4-b]quinoline 2 [1] . The nucleophilic substitution of bromomethyl group with di-(2-picolyl)amine in acetonitrile gave compound 3. [3,4-b] quinoline 2 (490 mg, 1 mmol), potassium carbonate (140 mg, 1 mmol) and di-(2-picolyl)amine were refluxed together in acetonitrile (10 ml) for 2 hours. The solution was filtered and evaporated. The oily residue was dissolved in chloroform and filtered through a short pad of alumina. The were used as received. In an independent measurement it was found that a small addition of deionised water couldn't influence significantly the fluorescence of the acetonitrilic solution of the dye. Fluorescence titration experiments using added salts are performed without degassing procedure. Fluorescence measurements were made on a home-built spectrofluorimeter and a time-correlated single photon counting setup. For time-resolved fluorescence measurements a picosecond diode laser (λ=400 nm, 70 ps pulse duration) (IBH-UK) was used as the excitation source. For steady-state fluorescence measurements a 365 or 405-nm line of medium-pressure mercury lamp was used. The fluorescence quantum yield measurements were carried out with quinine sulphate in water (Φ fl =0.55) [14] as an actinometer.
The equilibrium constants (K 1 ) for complexation of the ligand by alkali cations are calculated by fitting the Eq. 1 to the relative fluorescence intensities in the presence of different concentration (c M ) of the employed alkaline metal perchlorates [15] . 
The Eq. 1 can be converted into more complex one:
where x denotes the concentration of the complex ML þ 2 . This quantity can be obtained by numerical solving of the third degree polynomial:
with the following parameters:
The values of the binding constants K 1 and K 2 were obtained from fluorescence intensities using nonlinear leastsquare fitting coded in FORTRAN.
Results
Absorption spectra of the studied dye are rather insensitive to solvent polarity. Addition of the studied perchlorate salts affects the absorption only in the UV spectral range as pointed out in Fig. 1 .
Fluorescence quantum yields of the dyes depend strongly on solvent polarity. In solvents of low polarities the fluorescence quantum yields are very high and decrease significantly with increasing solvent polarity, even though the position of the maximum is almost not influenced by polarity of the solvent.
The fluorescence decay functions are clearly monoexponential in all employed solvents. In solvents possessing dielectric constants less that 21 (i.e. less polar than acetone) the fluorescence lifetimes are rather long and close to the value characteristic of the parent molecule 1,3,4-triphenyl1H-pyrazolo [3,4-b] quinoline (ca 17 ns). This indicates that the intramolecular electron transfer, responsible for the fluorescence quenching, is not operative in solvents of low and medium polarities. The situation changes in highly polar solvents such as acetonitrile. In these solvents an effective quenching is observed. This causes a shortening of the fluorescence lifetimes and quantum yields as can be recognized from the data collected in Table 1 .
The dependence of these parameters on the solvent dielectric constants are presented in Fig. 2 .
Upon addition of perchlorates to the acetonitrile solutions of the dye P1 the fluorescence significantly increases. The position of the fluorescence maximum is not changed due to added salts except in the presence of Zn ++ and Mg ++ . The dependence of the fluorescence quantum yield on the salt concentration is presented in Fig. 3 .
The binding constants calculated using eqs. 1 and 2-3 are collected in Table 2 .
Discussion
The studied molecule does not show a significant solvent polarity influence as regards both the ground state absorption band and the position of the fluorescence maximum. However, the recognition moiety (1-(pyridin-2-yl)-N-(pyridin-2-ylmethyl)methanamine) influences significantly the fate of the fluorescing state of the fluorophore. Fluorescence lifetimes and quantum yields depend on solvent polarity as can be predicted from the electron transfer theory. In the excited state one electron from the donative part of the molecule is transferred to the acceptor part, forming the nonfluorescing monomolecular radical pair which recombines recovering the ground state of the system. Increasing of the solvent polarity decreases the energy of the charge transfer pair, which is formed in monomolecular charge transfer process, resulting in more efficient fluorescence quenching in polar solvents. In solvents of low and medium polarity the quenching is hardly observed but already in acetone the significant reduction of these parameters is observed. These observations may be useful in designing this molecule as a fluorescence indicator of small inorganic cations. The change of the first absorption band upon addition of the salts is not significant. Only small influence in the deep UV-region is observed (cf. Fig. 1 [1] addition of these cations causes a significant change of the spectral distribution in the fluorescence of the formed complexes as presented in Fig. 4 .
These complexes have a stoichometry 2/1 as can be judged from the salt concentration dependence of the integral intensity of the fluorescence. The question which remains to be addressed is to explain the reason of the spectral shift of the fluorescence band in the presence of Zn and Mg cations. We postulate that the factor responsible for the small fluorescence shift in the presence of these cations is a formation of an intramolecular excimer-like product.
The red shift in the fluorescence spectrum of P1 in the presence of Zn ++ in acetonitrile is about 17 nm, while the half-with of the fluorescence band is enlarged by ca. 15 nm (94 vs 109 nm). Similar changes (although less pronounced) occur in the presence of Mg ++ . The fluorescence lifetime of the complex P1 with Zn ++ measured at different observation wavelengths (i.e. at the blue and red side of the fluorescence spectrum) differ one from another but the difference is rather small (10.7 vs 12.1 ns).
Excimer Formation
If the excited molecule (M*) undergoes a collision with the same but not excited molecule (M) an excited dimer is formed (MM)*. The formation of the bimolecular excimers is a diffusional process, therefore the formation is strongly preferable at higher molecule concentrations because this process proceeds within the fluorescence lifetime of the molecule. It is well-known that many aromatic and planar molecules (such as naphthalene and anthracene) form excimers. This manifests itself by existence of the additional, broad and structureless fluorescence band of MM* located at wavelengths higher than that of monomer M*. In some cases these bands are well resolved. The intensity of the excimer fluorescence grows up when the concentration of M increases. In such excimers the time evolution of the fluorescence of the monomer and the excimer are different. The decay of the monomer fluorescence (M*) is the sum of two exponents whereas in the case of the excimer fluorescence (MM*) the preexponential factors have opposite signs. It means that the rise and the decay of the excimer fluorescence is observed.
When two monomers are linked by a flexible chain the intramolecular excimer may be also formed [18, 19] , Formation of the excimer involves not a translational motion but a rotational one to form the sandwich-type structure. When the ground state complex (MM) already exists then displacement of the two molecules to achieve a sandwich configuration appropriate for the excimer fluorescence occurs very quickly. In such cases the rise time of the excimer fluorescence could not be detected. Such type excimers, where an excimer emission appears or disappears in the presence of ions, are commonly used as fluorescing ion indicators [20] .
To check the possibility of existence of the excimer-like form in our systems we decided to perform some theoretical investigations on our systems and the excimer consisting of two simpler 1H-pyrazolo [3,4-b] quinoline molecules (PQ). This molecule resembles P1 but contains smaller number of atoms which renders the quantum chemical calculations in the excited state possible.
Quantum Chemical Calculations
The computed vertical excitation energy for the ligand molecule (P1) is 2.87 eV and the relaxed fluorescence energy is 2.44 eV (Table 3) . These values are very close to excitation energies for the bare fluorophore (P2) without the recognition unit (1-(pyridin-2-yl)-N-(pyridin-2-ylmethyl)methanamine), proving that this group does not take part in the excitation. its excimer consisting of two PQ molecules was examined (see Scheme 2) . The influence of the phenyl groups on the spectroscopic properties of the system was investigated by comparison with 6-methyl 1,3,4-triphenyl-1H-pyrazolo [3,4-b] quinoline (P2). Although the presence of amino group (in P1) causes the existence of the CT state, the charge transfer cannot occur if the nitrogen atom lone pair is used for complexation with a metal cation. Thus, the neglected substituents should not modify the spectroscopic properties of the complex.
The ground state geometry of the dimer PQ·PQ was optimised for the distance between monomers of ca. 10.5Å to 11.8Å (the NN' distances) where the distance between the relevant nitrogen atoms of both molecules is larger by 0.7Å than the distance between the carbon atoms at the opposite end of the molecules. Thus, this system may be treated as consisting of isolated molecules. The optimised geometry of the excited state, however, points out to the excimer formation with much smaller equilibrium distance (R eq ) between monomers equal ca. 3.4Å (CC′=3.385Å, NN′=3.498Å, see Fig. 5 ).
The relaxed fluorescence energy for the excimer PQ·PQ* is 2.47 eV while for the isolated monomer the energy 3.17 eV is predicted. This strong red-shift is as large as −0.7 eV and it overwhelms the experimental fluorescence red-shift which is only −0.09 eV for the P1 2 The optimised structures of the complexes in the ground state are shown in Fig. 6 . The most important effect of the substituent groups (phenyl rings) which should be here taken into account is the sterical hindrance that they cause. The phenyl substituents at positions 3 and 4 in the ground state are twisted with respect to the fluorophore plane by 46 and 68 degrees in, respectively. These angles are expected to decrease in the excited state but only slightly. Thus, the optimal distance between the phenyl rings of the two monomers of about 3.4Å causes that the fluorophores could not approach closer each other than 4.8Å.
The excimer formation in the complexes P1 2 Zn ++ and P1 2 Mg ++ is facilitated by conformational change concerning primarily the rotation of the fluorophore groups around the N amino -CH 2 bonds to make the long axis of the fluorophores parallel and the rotation with respect to the CH 2 -fluorophore bonds to align the fluorophores in nearly parallel planes. The possible conformation of the P1 2 Zn ++ excimer is presented in Fig. 7 . Thus, the minimal distance between the 1,3,4-triphenyl1H-pyrazolo [3,4-b] quinoline fluorophores in the real excimer is limited by the minimal distance between the two carbon atoms of the -CH 2 -bridges linking the recognition moiety (1-(pyridin-2-yl)-N-(pyridin-2-ylmethyl) methanamine) with the 1,3,4-triphenyl1H-pyrazolo [3,4-b] quinoline. The Mg-N amino and Zn-N amino bond length in the ground state are equal 2.30Å. Taking into account the linking N-CH 2 bonds, the parts of the fluorophores connected to this carbon atoms should not approach each other closer than roughly 5.5Å if the core complex and the -CH 2 -bridges are assumed to be rigid. This rather large Fig. 7 Hypothetical (unoptimised) structure of excimer P1 2 Zn ++ * obtained by rotation around the N-CH 2 bonds linking the fluorophores with the core complex Fig. 8 Distance dependence of the fluorescence energies of the PQ·PQ* excimer. Open circles mark the energy of the excimer calculated for frozen geometry of monomers taken from the equilibrium structure (distance 3.385Å), full circles mark energy of the optimised excimer. For more detailed explanation see text above separation between the fluorophore's planes seems to be responsible for only small bathochromic shift of the excimer fluorescence as compared to that for the bare P1 molecule.
To illustrate the dependence of the spectral shift of fluorescence on the distance between the fluorophores the excitation energy curve was calculated (see Fig. 8 ) for PQ·PQ*. The open circles mark the fluorescence energy calculated for the excimer geometries obtained from the optimised geometry by increasing the distance between the monomers without reoptimisation. Therefore this curve is relevant for distances close to the minimum energy point but at large distances the calculation predicts too high energies and false limit for isolated fluorophores. To overcome this deficiency and to give a more reliable estimation of the fluorescence red-shift at the distances available for the P1 2 Zn ++ and P1 2 Mg ++ excimers the geometries of PQ·PQ* were reoptimised for frozen few values of the CC′ distance marked in Fig. 5 . The CC′ distances and the fluorescence energies are collected in Tab.3 and graphically presented in Fig. 8 (full circles) . A good agreement with the experimental red-shift for the P1 2 Zn ++ complex (ca. 0.08 eV) is achieved at the distance roughly 5Å. At this distance the value of the fluorescence energy for the excimer PQ . PQ* is equal 3.09 eV while for the isolated molecule PQ* it is 3.17 eV . For smaller distances the fluorescence energy decreases rapidly. On the other hand, for distances larger than 5.5Å the fluorescence energy is essentially the same as for the isolated fluorophore. Finally, it should be noticed that the computations with larger basis sets and with correction for Van der Waals dispersion interaction could predict an effective excimer formation and a significant red-shift fluorescence at slightly larger distances than the TD-DFT(B3LYP)/ccpVDZ predictions discussed above.
Conclusions
A novel fluorescent sensor for determination of small inorganic cations was synthesized and investigated by means of fluorescence spectroscopy and quantumchemical calculations. The stability of the fluorescent complexes of P1 with inorganic cations (M n+ ) (P1M n+ and P1 2 M n+ ) were determined by fluorescence titration. This indicator shows a qualitatively good selectivity for small inorganic cations and good sensitivity especially towards bivalent cations such as Zn ++ and Mg ++ . This system may be applicative in practice for determination of these cations in the presence of other ones.
The enhanced sensitivity and selectivity for Zn ++ and Mg ++ arises from an efficient complexation of these cations with two P1 molecules.
Moreover, the remarkable bathochromic shift in fluorescence (17 nm for P1 2 Zn ++ and 13 nm for P1 2 Mg ++ complex) is observed. This spectral feature is most probably due to excimer formation. This is partially supported by the quantum chemical calculations.
